Introduction
It is well known that the standing crop or productivity of phytoplankton in a given lake is governed primarily by the levels of such important nutrients as nitrogen and phosphorus in the water (SAKAMOTO, 1966; DILLON and RIGLER, 1974; VOLLENWEIDER, 1976; SCHINDLER, 1978) . However, each lake has its own morphometry, and this, together with climatic conditions and drainage from catchment area, gives the lake a characteristic pattern of the seasonal changes in physical and chemical conditions, which, in turn, leads to the seasonal variation of species composition, standing crop or productivity of phytoplankton.
It has also been well recognized that in many temperate dimictic lakes, which are not so eutrophic, two peaks of phytoplankton standing crop appear in a year, one in spring and the other in autumn. Such bimodal pattern of phytoplankton standing crop has been explained in terms of nutrient supply from deep layers of the water body to the euphotic zone by vertical mixing of the lake water in these seasons.
Lake Biwa, the largest lake in Japan with an area of 670 km2 and a maximum depth of 104 m, especially its north (main) basin, is a typical monomictic lake, i, e. lake water circulates only once in winter. It is said that Lake Biwa has progressively eutrophicated since 1960s. Hence, it is interesting to know how phytoplankton composition and standing crop change with the season. Although many studies on the phytoplankton of Lake Biwa have been carried out in the past (see references cited in Discussion), there were surprisingly few reports that attempted to relate the seasonal variation of standing crop or productivity of phytoplankton with that of physico-chemical factors, especially nutrient levels, of the lake.
The purpose of this study was to elucidate 1) the present trophic status of Lake Biwa and 2) seasonal variation of phytoplankton standing crop with reference to important nutrients (phosphorus and nitrogen). About one l of the surface water from the north basin and 200 ml of that from the south basin were fixed with Lugol solution and allowed to stand for over 48 hours to precipitate plankton.
The resulting precipitates were then observed with a microscope to identify dominant phytoplankters.
In May, when a freshwater red tide of Uroglena americana was densely occurring in both basins, non-fixed (raw) waters were also observed to check the predominance of this alga, because colonies of this alga were disrupted perfectly by the addition of Lugol solution.
Another portion (1 to 2 l) of the collected water was filtrated through a washed glass fiber filter (Whatman, GF/C), and the residue on the filter was used for the determination of chlorophyll a (UNESCO, 1959) . Dissolved inorganic phosphorus (MURPHY and RILEY, 1952) , ammonium nitrogen by the salicylate-hypochlorite method (BOWER and HOLM-HANSEN, 1980) , and nitrate plus nitrite nitrogen by the diphenylamine method (SAIJ0, 1952) were determined by using the filtrate. Total phosphorus was measured by the same method as dissolved inorganic phosphorus after persulfate oxidation of raw water (MENZEL and CORWIN, 1965) . September, and thereafter the depth of the epilimnion increased toward December. Surface water temperature in the south basin followed a similar seasonal pattern to that of the surface water temperature in the north basin, but it was somewhat lower than that of the north basin in the coldest month.
The difference in water temperature between surface (0 m) and bottom (3.5 m) layers at Station SB was within 2°C even in warmer seasons, suggesting the lack of thermal stratification in the south basin throughout the year.
Seasonal variation of Secchi disc transparency in the two basins is shown in Fig. 3 , where it is evident that the transparency of the north basin was high in winter (maximum, 9.4 m in January), low in spring and autumn, and intermediate in summer.
On the other hand, it was low (0.8-3.5 m) in the south basin throughout the year. Annual mean transparencies of the north and south basins were 4.8 and 1.7 m, respectively.
Low transparency of the south basin, however, seems to be due mainly to the resuspension of sedimented matter, not to a high phytoplankton standing crop, as will be shown later.
3-2. Seasonal succession of dominant phytoplankton Species composition of dominant phytoplankters in the surface water was rather similar in both basins (Fig. 4) . In spite of this fact, the most predominant phytoplankter in each month was often different in the two basins; e. g., in February, the most predominant phytoplankter in the north basin was Melosira solida in contrast with Fragilaria crotonensis in the south basin.
A dense bloom of Anabaena macrospora appeared in September only in the south basin. As will be shown in the next paragraph, peaks of chlorophyll a concentrations in the surface waters were observed in May and October in both basins.
In these months, the most predominant phytoplankter was common in both basins, i, e. Uroglena americana in May and Staurastrum dorsidentiferum var. ornatum in October.
On the whole, diatoms such as Melosira solida, M. granulate and Fragilaria crotonensis were most predominant in winter and early spring, and green algae such The solid circle shows the most predominant phytoplankter in each month. Algal species in the column of genera were as follows: Uroglena americana, Cryptomonas sp., Dinobryon sp., Pediastrum biwae, Staurastrum dorsidentiferum var. ornatum, Closteruim aciculare var. subpronum, Melosira solida (except for August) in the north basin, M. granulata in the south basin, Fragilaria crotonensis, and Asterionella f ormosa. G, M, S and A in the column of "Others" represent Coelastrum sp., Mougeotia sp., Synedra sp., and Anabaena macrospora, respectively. as Closterium aciculare var. sub pronum, Pediastrum biwae and Staurastrum dorsidenti ferum var. ornatum were so in other seasons.
3-3. Chlorophyll a Figure 5 shows the seasonal variation of chlorophyll a concentration in the surface waters of the two basins, where it can be seen that two peaks of chlorophyll a appeared in both basins, one in May and the other in October. Of these two peaks, the spring one was caused by a massive freshwater red tide of Uroglena americana, and the autumn one by Staurastrum dorsidentiferum var. ornatum.
Annual mean concentrations of chlorophyll a in the surface waters of the north and south basins were 9.1 and 10.1,ug, lyl, respectively. Thus, the trophic status of the two basins as indicated by chlorophyll a concentration is similar in U. americana colonies in the surface water (YOsHIDA et al., 1983 a, b) . As for the south basin, there was no great difference in chlorophyll a concentrations between surface water (0 m) and bottom water (3.5 m). Figure 7 is the histograms showing chlorophyll a amounts in the water column. Open areas of these histograms represent those in the euphotic zone, whose depths were estimated as the product of transparency x2.5 in this study. As is evident from this figure, chlorophyll a amounts in the whole water column are exceedingly higher in the north basin (100-400 mg. m-2) than in the south basin (10-80 mg-m2). -Chlorophyll a amounts in the euphotic zones of the north and south basins ranged between 30 and 120 mg-m2 -(annual mean, 73) and between 10 and 80 mg-m2 -(annual mean, 38), respectively.
Thus, the annual mean of chlorophyll a amount in the euphotic zone was two times higher in the north basin than in the south basin.
3-4. Phosphorus
Of various forms of phosphorus occurring in lake water, only two forms of phosphorus, i. e., dissolved inorganic (soluble reactive) phosphorus and total phosphorus, were determined in this study.
For all water samples collected from both basins, dissolved inorganic phosphorus was below the limit of detection (ca. 3 ~~g . l-1) . Total phosphorus concentrations in the surface waters of the two basins are shown in Fig. 8 . On the whole, they were low in summer.
However, the annual mean concentration of total phosphorus in the surface water was higher in the south basin (10.7 g • l-1) than in the north basin (9.2 ~cg. l-1) . Vertical profiles of total phosphorus in the north basin are illustrated in Fig. 9 . Although no clear seasonal pattern was found for vertical distribution, a higher concentration of total phosphorus was observed in the surface layer than in the deep layer.
In addition, total phosphorus concentration in the deepest layer (70 m) was slightly higher than in the overlying layers. However, no significant accumulation of phosphorus was found in the deep layer of the north basin.
3-5. Nitrogen
In general, concentrations of ammonium nitrogen were low compared with nitrate plus nitrite nitrogen.
In fact, the former was near or below the limit of detection (ca. 10 ~~g • l-1) in many cases. Measurable concentrations of ammonium nitrogen were found in the following months and depths: In contrast with ammonium nitrogen, nitrate plus nitrite nitrogen was detected in high concentrations except for three months from August to October in the surface layer of the north basin and the whole layer of the south basin (Figs. 10  and 11 ). In the north basin, its concentration (ca. 100 ug • l-1) was vertically uniform from February to June. However, it began to decrease in the surface layer with simultaneous increase in the deep layer from July. Then it disappeared completely from the surface layer for the three months mentioned above. On the other hand, its 4. Discussion 4-l. Phytoplankton and chlorophyll a Almost all species of the predominant phytoplankters observed in Lake $iwa in this study are well known (SUGAWARA, 1938; NEGORO, 1956 NEGORO, , 1959 NEGORO, , 1960 NEGORO, , 1967 NEGORO, , 1968 YAMAGUCHI, 1960; M0RI, 1971 M0RI, , 1976 M0RI, , 1978 NAKANISHI, 1976; MORI and MIURA, 1980; ICHISE and WAKABAYASHI, 1980; ICHISE, 1980, 1981) . Of these phytoplankters, Uroglena americana appeared first in 1977 and since then formed a freshwater red tide in May and/or June of every year. A dense population of this alga was also observed in May in this study. In addition, although the occurrence of Cryptomonas sp. has also been described, this alga seems to have become one of the predominant phytoplankters only recently ICHISE, 1980, 1981; ICHISE and WAKABAYASHI, 1980) . The present author reported a dense bloom of this alga with chlorophyll a concentration as high as 28 dig • l-r in May 1981 for nearshore water of the south basin (TEZUKA, 1982) . On the other hand, NEGORO (1956) reported that the most predominant phytoplankter of the north basin in June and October 1952 was the diatom Attheya Zahariasi, but he could not find this alga in either basin in 1966 (NEGORO, 1967) . Later studies including the present one have not recorded the occurrence of this alga at least as a predominant phytoplankter. Thus, it is strongly suggested that the predominant species of phytoplankton in Lake Biwa are changing year after year.
It is an interesting fact that the most predominant phytoplankter at the same sampling time was occasionally different in the two basins. Such difference must be caused by the difference in physico-chemical and biological factors between the two basins. Hence, it deserves further investigation.
In former times, phytoplankton standing crop of Lake Biwa was measured mainly as total cell number.
In recent years, it has been measured as chlorophyll a. Accordingly, it is difficult to compare directly the standing crops of phytoplankton in former times and in recent years. Even if either measure was adopted, one peak (mainly in autumn) of phytoplankton standing crop was observed in many cases before 1970 (NEGOxo, 1967 (NEGOxo, , 1968 TOYODA et al., 1968; . On the contrary, it seems to be a general trend that two peaks of phytoplankton standing crop appear in Lake Biwa in recent years, i. e., one in spring or early summer and the other in autumn or early winter (NAKANISHI, 1976; ICHISE and WAKABAYASHI, 1980; ICHISE, 1980, 1981; TEZUKA, 1982) . For example, in terms of chlorophyll a, TOYODA et al. (1968) found only one peak (ca. 3 ,ug • l-1 in October) in the north basin in 1963, whereas NAKANISHI (1976) found two peaks (ca. 27 /2g • l-1 in December and ca. 12 beg • l-1 in May) in the Shiozu Bay of the north basin from July 1971 to July 1972. In spite of the fact that the north basin of Lake Biwa is a typical monomictic lake, it is interesting that two peaks of phytoplankton standing crop appear in Lake Biwa as in the case of many dimictic lakes.
As already stated, annual mean concentrations of chlorophyll a in the surface waters of the north and south basins were 9.1 and 10.1 ~g•l-1, respectively. This means that trophic degrees of the two basins are almost the same in terms of chlorophyll a, both being intermediate between mesotrophic and eutrophic. However, chlorophyll a amounts both in the whole water column and in the euphotic zone were significantly higher in the north basin than in the south basin.
Thus, there is the possibility that primary production per unit lake surface may be higher in the north basin than in the south basin. KUROIWA (personal communication) estimated primary production of Lake Biwa in 1981, and found that it was higher in the north basin than in the south basin.
4-2. Nutrients Dissolved inorganic phosphorus was below the limit of detection for all water samples from both basins. On the other hand, high concentrations of nitrate plus nitrite nitrogen were detected for many water samples except those from August to October. These facts, together with the data on total phosphorus, suggest strongly that the mineral nutrient, which is most limiting to phytoplankton production in Lake Biwa for the most part of the year, is phosphorus.
Although dissolved inorganic phosphorus was not detected for all water samples, high phytoplankton standing crop was observed in both basins in May and October (Fig.  5) . Total phosphorus in the euphotic zone was also high in these months.
Hence, phosphorus might be supplied to the euphotic zone from somewhere in these months. Yet the source of such phosphorus supply was unknown 1n this study.
According to DILLON (1975) , the lakes with total phosphorus concentrations in the ranges of <10, 10-20, and >20 eg•l-1 are oligotrophic, mesotrophic and eutrophic, respectively. Thus, the two basins of Lake Biwa are mesotrophic in terms of annual mean concentrations of total phosphorus, although it was about two times higher in the south basin than in the north basin. As already stated, however, the annual mean concentration of chlorophyll a was almost the same in both basins. This fact, together with low transparency of the south basin, suggests that the high concentration of total phosphorus in the south basin might be attributed to the resuspension of sedimented matter containing phosphorus. Another important fact demonstrated by this study was that no significant accumulation of phosphorus was found in the hypolimnion of the north basin during the stagnation period. This implies that no remarkable liberation of phosphorus from bottom mud occurred in the north basin during this period.
This may be due to the fact that the hypolimnetic water of the north basin contained ample amounts of dissolved oxygen even at the end of the stagnation period; the minimum dissolved oxygen concentration in the deepest layer (72 m) was about 50;o of saturation in December.
As for inorganic nitrogen, ammonium nitrogen concentrations were exceedingly low in both basins compared with nitrate plus nitrite nitrogen. This fact agreed well with the data already reported by ITAsAKA et al. (1973 ITAsAKA et al. ( , 1974 , KAWASHIMA ct al. (1975 KAWASHIMA ct al. ( , 1976 and MITAMURA and SAIJO (1981) . The simultaneous disappearance of nitrate plus nitrite nitrogen for three months from August to October from the surface layer of the north basin and from the whole layer of the south basin suggests that the nutrient condition of the south basin is strongly dependent on that of the surface layer of the north basin. This is easily understood from the fact that the major water source of the south basin is the north basin.
Another interesting phenomenon clarified by this study was a significant accumulation of nitrate plus nitrite nitrogen in the hypolimnion of the north basin during the stagnation period. This accumulation has already been reported for several lakes (e, g., PAERL et al., 1975; VINCENT and DOWNES, 1951; TAKAHASHI et al., 1982) . Although the mechanism of this process was not analysed in this study, sedimentation of nitrogen-containing detritus and its subsequent ammonification and nitrification in the hypolimnion and/or bottom mud during this period must be the major processes to bring about such a nitrate accumulation. This phenomenon is an interesting subject to be analysed in the future.
As already mentioned, a dense bloom of Anabaena macros~ora appeared in the south basin in September 1981. The massive growth of this alga might be due to the shortage of dissolved inorganic nitrogen in lake water and to its ability to fix molecular nitrogen. Filaments of this alga bore many heterocysts, which are known as the sites of nitrogen fixation. However, it is difficult to explain why such bloom did not appear in the north basin, where dissolved inorganic nitrogen was also deficient in the epilimnion. High total phosphorus concentration in the south basin might have some connection with the appearance of this alga.
